Abstract: We present some major challenges of mid-infrared superconducting nanowire single-photon detector technology and our device design with nano-antenna integration to address these challenges. ©2010 Optical Society of America OCIS codes: (040.5160) Photodetector, (050.6624) Subwavelength structures .
To illustrate the principle, in our design and simulation we used the wavelength of 4 μm, a nanowire width of 30 nm, and a meander pitch of 100 nm. In addition, there is a 2-nm thick NbNO x oxide layer on top of NbN. Because NbN and gold are dispersive at the wavelength of interest, we used the Drude model to fit the experimental data from 300 nm to 1700 nm that we measured by ellipsometry for NbN, and fit the experimental data from the 1 a1669_1.pdf
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QThD5.pdf 978-1-55752-890-2/10/$26.00 ©2010 IEEE handbook [3] for gold. In this way, we can obtain their optical constants at any given wavelength of interest, and specifically at 4 μm, we obtained complex optical indices 9.01+i9.61 for NbN and 3.18+i28.48 for gold. For all the dielectrics, we assumed that they are non-dispersive, and optical constants at 1.55 μm were used [4] . We optimized the cavity length L in order to obtain resonance and maximize the absorptance of NbN. As shown in Fig. 1 (b) , the optimized cavity length is at ~500 nm, and remarkably, the peak absorptance is ~ 82% for TM-polarized incident light. Furthermore, this absorptance is not very sensitive to the actual cavity length. For instance, the absorptance is still ~76% when the cavity length is decreased to 350 nm. As a comparison, without nano-antennae and with only top reflector integration [2] , the nanowire is more sensitive to TE-polarization, and the optimized absorptance is 51%. The optimized cavity length and the corresponding absorptance for different wavelengths are shown in Fig. 1 (c) . As expected, the optimized cavity length becomes longer for longer wavelength. The slightly drop in optimized absorption at longer wavelength is due to the fact that the frequency of the radiation is further away from the plasma frequency of NbN and thus its absorption becomes weaker.
We can increase the active area of the detector by increasing the pitch of the meander and sacrificing some absorption. Considering of the wavelength of 4 μm again and increasing the pitch of the meander to 200 nm, for example, the absorptance decreases to 57%. However, increasing the pitch and doubling the detector area would make coupling more efficient. Thus, an optimized pitch exists for practical applications from the point of view of system detection efficiency that balances coupling efficiency against absorption. Note that while the pitch is being changed, the length and the width of the detector have not been changed. Therefore, the speed of the detector has not been affected.
We optimized the process [2] and successfully fabricated nanowire structures as narrow as 34 nm using 45-nm thin HSQ and 30 keV scanning-electron-beam lithography. Scanning electron microscopic inspection showed that the nanowires were uniform in width and smooth at the edges, as shown in Fig. 2 . Fig. 2 Fabricated ultra-narrow nanowire resist structure with a width of 34 nm and smooth edges for mid-infrared detection.
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In order to realize the device structure shown in Fig. 1 (a) , we will need to slightly modify the fabrication process to fabricate a taller HSQ grating with a uniform width and smooth edges. We propose to use thicker HSQ and increase the electron energy to 100 keV in lithography so that the scattering of electrons in HSQ will be significantly reduced. We expect that ~30 nm wide, a 300 -500 nm tall HSQ grating can be fabricated. After fabricating the HSQ grating, we will spin ~1.5 μm S1813 photoresist and open a window lithographically aligned with the devices followed by evaporation of SiO 2 /Ti/gold and liftoff.
In summary, we have presented some major challenges of mid-IR SNSPD technology. Once the nanowires become narrower and the wavelength of the radiation becomes longer, some new problems, concerning the active area, speed, and absorption, emerge. We have presented our design for a SNSPD with antenna integration to address these challenges, and we have successfully fabricated nanowire structures as narrow as 34 nm with smooth edges. we have also outlined the fabrication process that will be the next step to realize the designed structure with antenna integration. We believe that with antenna integration, SNSPDs will become a promising technology for efficient mid-IR single-photon detection.
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